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RESEARCH OBJECTIVES 

Th i s  is the f inal  repor t  fo r  NASA Grant  NGR 44-012-048 

submitted i n  accordance  with the requi rements  of the grant,  which 

covered the p e r i o d v p r i l  1, 1966 through November 30,  1967.q  

The r e s e a r c h  objectives of the g ran t  w e r e  to  study the nature  

of clear air turbulence and methods for i t s  detection. The va r ious  

phases  of th i s  r e s e a r c h  a r e  a s  follows: 

1. A review of available l i t e r a t u r e  on the si tuations 
under which CAT occurs  and the nature  of the 
turbulent energy spec t ra  observed  o r  postulated. 

2. An evaluation of the probable re f rac t ive  index s t r u c t u r e  
assoc ia ted  with CAT f r o m  the turbulence s tudies  i n  1. 

3 .  A theoret ical  study of backscat ter ing c r o s s -  sect ion 
assoc ia ted  with the CAT ref rac t ive  index s t r u c t u r e  
d iscussed  in 2 and with re f rac t ive  index var ia t ions  
in  genera l .  

4. The measurement  of re f rac t ive  index differences a t  
low l eve l s  and the comparison of these  data with 
theoret ical  predictions. 

5. Evaluation of the possibility of r a d a r  r e t u r n  f r o m  
inhomogeneities i n  the a tmosphe re .  
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RESEARCH RESULTS 

The work  under the g ran t  has been  wel l  documented i n  s ta tus  

r epor t s ,  technical  r epor t s ,  and in  publications in  technical  j ou rna l s .  

It is felt  that  the r e s e a r c h  under the gran t  is thoroughly covered  by 

these  publications and can  bes t  be descr ibed  b y  r e fe rence  to  them.  

P r o g r e s s  Repor t s  

IIClear-Air Turbulence and Methods of Detection, I t  Fir s t  Semi-Annual 
Report ,  September  30, 1966. P r e p a r e d  under Grant  NGR 44-012-048. 

"Clear-Air  Turbulence and Methods of Detection, I '  Second Semi-Annual 
Report ,  March  31, 1967. P r e p a r e d  under Grant  NGR 44-012-048. 

Labora to r  v ReDort s 

J. J. Stephens and E. R. Rei te r ,  "Estimating Refract ive Index Spec t ra  
in  Regions of Clear -Air  Turbulence," Report  No. P-12, Antennas 
and Propagat ion  Division, Elec t r ica l  Engineering Re s e a r c h  
Laboratory,  The University of Texas,  5 October 1966, 44 pages.  

Conclusions 

A s  suggested by the cumulative dis t r ibut ion shown i n  F i g .  i a d  
the s u m m a r y  shown in  Table 2, c l e a r - a i r  turbulence pa tches  ave rage  f r o m  
500 t o  3000feet in depth and one-half have horizontal  d imens ions  less than 
20 miles. 

C l e a r - a i r  turbulence o c c u r s  preferen t ia l ly  on the boundar ies  of 
shallow, thermal ly-  stable barocl inic  zones  in  the vicinity of the j e t  stream. 
The a v e r a g e  percentage frequency i n  the j e t  s t r e a m  vicinity is shown in 
F ig .  2 .  A schemat ic  presenta t ion  of the var ia t ion  with flow cu rva tu re  is 
given i n  F ig .  4. 
s ide of the j e t  c o r e  and topographic effects may enhance these  frequencies .  

The re f rac t ive  index spec t rum f o r  s ca l e s  in  the i n e r t i a l  subrange 
i n  the p r e s e n c e  of c l e a r - a i r  turbulence c a n  b e  expres sed  i n  t e r m s  of the 

These  indicate a preference  for occur rence  on the cyclone 
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mechanical  energy.  F o r  stable stratif ication, the dependence suggested 
by T a t a r s k i  may be used to  provide consistent e s t ima tes .  

The re f rac t ive  index spec t r a l  e s t i m a t e s  for  d r y  air fluctuations 

Since the scat ter ing a t  any  
made  h e r e  a r e  l e s s  than those found by other  invest igators  (for example,  
Ta tarsk i ,  Atlas  e t  al. ) by m o r e  than 10 db. 
angle  is d i rec t ly  proport ional  to the spec t r a l  amplitude, the r a d a r  r e tu rn  
will  be correspondingly less than previous e s t ima tes .  

- -  

* * *  
B. M. Fannin, "Remote Detection of C lea r  Ai r  Turbulence - Pul se  

Microwave Radar ,  ' I  Rep0 r t  No. P-13, Antennas and Propagat ion 
Division, Elec t r ica l  Engineering Re s e a r c h  Laboratory,  The 
University of Texas,  1 November 1966, 27 pages.  

C o nclu s io n s 

Calculations a r e  repor ted  for the expected mean  re turned  power 
f r o m  c l e a r - a i r  turbulence,  re la t ive  to the minimum detectable level, with 
the chosen va lues  of the many contributing p a r a m e t e r s  careful ly  noted 
and d iscussed .  It is  found that operational s y s t e m s  for  no rma l  j e t  flights, 
constrained b y  reasonable  l imi t s  on weight, s ize ,  power, cost ,  e t c . ,  are 
not feasible. On the other  hand, research- type  ground-based s y s t e m s  
should be capable of re l iable  detection of reg ions  of CAT for  wavelengths 
f r o m  a few cen t ime te r s  to a few me te r s .  However, not only was  near- the-  
s ta te -of - the-ar t  per formance  assumed fo r  the ground-based sys tems,  but 
favorable  conditions general ly  were  assumed,  including pointing a t  t h e  
zenith, a cloudless  sky, pointing away f r o m  the galact ic  plane, e tc .  

* * t $  

J. L. Dodd, A. W. Straiton, A. P. Deam, "A Study of Some Charac te r -  
i s t i c s  of Atmospheric  Refractive Index Differences, ' '  Report  No. 
P-15, Antennas and Propagation Division, E lec t r i ca l  Engineering 
Resea rch  Laboratory,  The University of Texas,  15 May 1967, 
133 pages.  

Ab s t r ac t 

Atmospheric  re f rac t ive  index differences were  measu red  during 
the summer and fall of 1966 a t  The University of Texas '  E lec t r i ca l  
Engineer ing Re  sea rch  Labor a tor  y. 
f o r  s p e c t r a  content and amplitude distributions b y  using a n  SDS-930 
digi ta l  computer .  

The se  measu remen t s  were  analyzed 

Variat ions of re f rac t ive  index a t  a single point w e r e  a l s o  measu red .  
The r a t io  of re f rac t ive  index difference spec t r a  to spec t r a  a t  a single point 
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was calculated.  
output of two r e f r a c t o m e t e r s  was  examined. 

This  r a t io  which is  the f i l t e r  function of the difference 

Two models  for  the re f rac t ive  index f i l t e r  function w e r e  proposed.  

This  model  is of the f o r m  4 sin2(rrfr/v),  where  r i s  the 
The f i r s t  model  a s s u m e s  a f rozen  s t ruc ture  of the a tmosphe re  moving with 
a constant  wind. 
r e f r a c t o m e t e r  spacing in  m e t e r s ,  v i s  the wind speed in  m e t e r s / s e c o n d ,  
and f is the frequency in  Hz. The second proposed f i l t e r  function model  
a s s u m e s  a well  mixed a tmosphere  with a var iab le  wind. 
second model  is 2(1- s in (2nf r /v )  / 2rrfr/v) where  the p a r a m e t e r s  a r e  the 
s a m e  as in  the f i r s t  model. 

The f o r m  f o r  the 

Amplitude dis t r ibut ions were  plotted on Gauss ian  probabi l i ty  pape r  
and  f r o m  these  plots,  along with observat ion of or ig ina l  difference data,  
a n  e m p i r i c a l  probabili ty densi ty  function is proposed.  
probabi l i ty  densi ty  function is the sum of t h r e e  Gauss ian  functions.  One 
of the Gauss i an  functions has  a z e r o  mean whereas  the two other  Gauss ian  
funct ions have m e a n  va lues  of t a .  The var iance  of the function with z e r o  
m e a n  is about one-tenth that of the other two functions.  

Th i s  proposed 

Refrac t ive  index s t ruc tu re  function, Dn(r) ,  is defined as 

2 
D n ( 4  = Cn(r)-  n ( 0 ) l  9 

where  n ( r )  is the index of r e f r a c t i o n a t  point r and n(o) is  the index of 
r e f r ac t ion  a t  the r e fe rence  point 0 .  The ove rba r  denotes  t ime average .  

Measuremen t s  of r e f r ac t ive  index difference suggest  a duali ty in  
the mechan i sm causing the fluctuation of these  data .  
difference data  show spikes  superimposed on a continuum of var ia t ions .  
These  sp ikes  a r e  p re sen t  but obscured i n  single unit r e f r ac t ive  index data.  
Examinat ion of amplitude probabili ty dis t r ibut ion indicates  one se t  of 
c h a r a c t e r i s t i c s  between approximately 5 p e r  cent and 95 p e r  cent points 
and another  s e t  of c h a r a c t e r i s t i c s  outside of these  l imi t s .  
a m a j o r  contribution to the s t ruc tu re  function for  separa t ions  below four 
m e t e r s .  

The or ig ina l  

The sp ikes  make  

Some c h a r a c t e r i s t i c s  of re f rac t ive  index difference data  w e r e  
noted b y  observing paper  s t r i p  char t  r eco rd ings  of the or ig ina l  data ,  
Single unit r e f r ac t ive  index changes tend to  v a r y  predominant ly  in  the 
d i r ec t ion  of increas ing  index. This  indicates a n  enhancement of water  
vapor  content i n  the a tmosphe re  since the r e f r ac t ive  index changes a r e  
influenced m o r e  b y  water  vapor  changes than b y  t e m p e r a t u r e  changes.  

* * %  
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Allan B. Plunkett, "A Radar  Design for  Atmospheric  Turbulence 
Studies, I t  Report  No. P-20, Antennas and Propagat ion Division, 
Elec t r ica l  Engineering Research  Laboratory,  The University 
of Texas,  1 August 1967, 64 pages. 

Abstract  

Atmospheric  turbulence can  present ly  be m e a s u r e d  only on the 
A 

The 

The differences between pulse  o r  

ground o r  b y  means  of a i rp l anes  flying through the turbulent area. 
p rope r ly  designed r a d a r  sys t em may be able to  detect  and analyze a tmos -  
phe r i c  turbulence f r o m  a posit ion remote f r o m  the turbulent area. 
choices  of antenna, wavelength, t r ansmi t t e r  power, r e c e i v e r  sensit ivity,  
and  detection methods a r e  examined. 
cw and b is ta t ic  o r  monostatic sys tems a r e  discussed.  
with existing r a d a r  sys t ems  used for  a tmospher ic  turbulence r e s e a r c h  
is made .  

A compar ison  

* + * 
A. P. Deam, A. W. Straiton, J. L. Dodd, "Surface Refract ive Index 

Differences a t  14, 250 F e e t  Elevation," Report  No. P-22, 
Ant e nna s and Propagation Divi s io n, Ele ct r i ca l  Engine e r ing 
R e s e a r c h  Laboratory,  The University of Texas,  30 November 
1967, 14 pages.  

Ab s tr a ct  

Surface refract ivi ty  a t  14, 250 feet  elevation is r epor t ed  in  the 
f o r m  of difference measu remen t s .  Spectra,  amplitude dis t r ibut ions,  

be in fe r r ed  f r o m  the s t ruc tu re  functions. The "frozen in" hypothesis 
is examined by comparing t ime spec t ra  of the difference m e a s u r e m e n t s  
with theore t ica l  computations for  this spec t ra .  S t ruc ture  functions a t  
14,250 feet  ( sur face)  are compared  with those a t  785 feet  elevation 
(280 feet  above surface).  

and s t ruc tu re  functions a r e  computed and included. Values  of C 2 may n 

* * *  
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Publications in  Technical Jou rna l s  

J. J. Stephens and E. R. Rei te r ,  "Estimating Refract ive Index 
Spectra  in Regions of Clear-Air Turbulence, I t  

Applied Meteorology, Vol. 6, No. 5, October 1967, pp. 911-913. 
Journa l  of 

Abstract  

Es t ima tes  of the  spec t rum of refract ivi ty  fluctuations to  be 
expected in  reg ions  of c l e a r - a i r  turbulence a r e  shown fo r  s c a l e s  i n  the 
ine r t i a l  subrange. Based on the complete ana lys i s  b y  Atlas  e t  al . ,  it 
is concluded that r a d a r  detection of c l ea r - a i r  turbulence with cu r ren t  
technology is unlikely for  all but inversion conditions. However, the 
p re sen t  ana lys i s  can be used to  provide consistent e s t ima tes  fo r  par t icu lar  
e nv i r o n m  e nt a1 c o nditi o n s . 

- -  

A. W. Straiton, A. P. Deam, J. L. Dodd, "Amplitude Distributions 
of Refract ive Index Differences, I '  Journa l  of Geophysical 
Research ,  Vol. 72, No. 16, August 15, 1967, pp. 4051-4057. 

Ab st r ac t  

Measuremen t s  of re f rac t ive  index differences suggest a duality in  
the mechanism causing the fluctuation of these data .  
da ta  show spikes  superimposed on a continuum of var ia t ions.  
are p resen t  but obscured i n  single unit re f rac t ive  index data.  
of ampli tude probabili ty dis t r ibut ion indicates  one se t  of c h a r a c t e r i s t i c s  
between approximately 5 and 95 p e r  cent points and another  se t  of cha rac t e r -  
i s t i c s  outside of these l imi t s .  The spikes make a major  contribution to  
the s t ruc tu re  function f o r  separat ions beiow 4 m e t e r s .  
the spikes may be due to the cluster ing of water  vapor with a preferen t ia l  
volume s ize  of a few m e t e r s  and  with a gradient  of re f rac t ive  index f r o m  
the edge to the center  of approximately one N-unit. 

The or iginal  difference 
These sp ikes  
Examination 

it is suggested that 

* * *  
A. W. Straiton, A. P. Deam, J. L. Dodd, and B. M. Fannin, 

"Analysis of Spectra  of Atmospheric  Refract ive Index Differences, 
Radio Science,  January o r  February,  1968 (es t imated  10 pages) .  

Ab s t r  ac t  

When a tmospher ic  re f rac t ive  in'dex is observed through the measure- 
ment  of the index differences between two points, a fi l tering act ion is intro-  
duced i n  the fluctuation spec t r a .  B y  dividing the re f rac t ive  index difference 
s p e c t r a  f requency component by the corresponding frequency component of 

I 
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the index spec t ra  fo r  single-point data, a f i l t e r  function is  obtained. 
is the purpose of th i s  paper  to examine th i s  f i l t e r  function by compar i son  
of tes t  r e s u l t s  with theore t ica l  models. 

It 

The measu red  f i l t e r  functions for  12 s a m p l e s  of data, obtained 
with four r e f r ac tomete r s  on top of a n  85 m e t e r  tower,  a r e  presented .  
These  twelve c a s e s  a r e  a r r a n g e d  in  the o rde r  of increasing wind va r i a -  
bility; that  is, of increas ing  ra t io  of r m s  wind speed var ia t ion to the 
m e a n  wind speed. 

The m e a s u r e d  data a r e  compared with theore t ica l  f i l t e r  functions 
der ived assuming a "frozen-atmosphere"  model; a s ta t is t ical ly  homo- 
geneous and isotropic  invariant s t ructure  being a s s u m e d  to  be c a r r i e d  
along a t  the m e a n  wind velocity. 
for  those per iods  fo r  which the measured  wind data indicate a near ly  
constant flow. 
of m e a n  wind speeds  and wind directions is employed. 

A single mean wind velocity is a s s u m e d  

For m o r e  var iable  situations a n  integration over  a range 

Though t h e r e  are numerous  marked differences between the 
m e a s u r e d  and calculated f i l ter  functions (as would be expected whenever 
a crude model  is used to pred ic t  resu l t s  for  a t ru ly  complex situation), 
the model  a s s u m e d  does  provide satisfactory explanations for  many of 
the observed  fea tures .  

An unexplained anomaly which a p p e a r s  in the m e a s u r e d  f i l t e r  
function for  many of the c a s e s  i s  that a t  the high frequency end the 
functions a r e  lower than predicted,  


